Abstract: Fluorine-doped tin oxides (FTO) were investigated for infrared plasmonic applications. Nano-crystalline FTO thin films were grown by the SPEED chemical-spray deposition method. Complex permittivity spectra were measured from 1.6 to 12 μm wavelength. These spectra were used to calculate materials parameters, which compared well with values from transport measurements, and to predict characteristics of surface plasmon polaritons (SPP). Reflectivity spectra for lamellar FTO gratings revealed SPP coupling resonances in good agreement with predictions. The FTO film studied here is well suited for plasmonic applications in the important 3-5 μm wavelength range. Peale, and W. Buchwald, "Platinum germanides for mid-and long-wave infrared plasmonics," Optics express 23, 3316-3326 (2015).
Introduction
Surface plasmon polaritons (SPPs) are inhomogeneous electromagnetic waves that are bound to the surface of a conductor, in which traveling density waves of free electrons are the sources of the SPP fields. Tight confinement of electromagnetic (EM) energy, the primary virtue of SPPs for plasmonic device applications, requires plasma frequencies for the conductor near the intended operational frequency. Many studies of SPPs have been conducted for propagating plasmons on the surface of good metals in the visible spectrum [1, 2] . Some studies have been published about IR SPPs on metals [3] , semimetals [4, 5] , dopedsemiconductors [6] [7] [8] [9] , and other materials [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] .
Noble metals such as Au and Ag are traditional SPP hosts with plasma frequencies in the visible part of the spectrum. Such fail to tightly confine infrared SPPs [6] . Particularly for sensing applications, there is a need for new SPP hosts with infrared (IR) plasma frequencies. Especially attractive would be ones whose optical properties can be adjusted in fabrication or actively tuned post fabrication [10] [11] [12] , and which have low dissipation [13] [14] [15] [16] . Review of IR plasmonic materials can be found in [17, 18] .
Transparent conducting oxides (TCOs) are potentially useful SPP host materials [19] . Examples include indium tin oxide (ITO) [20] , aluminum-doped zinc oxide (AZO) [21] , and fluorine-doped tin oxide (FTO) [22] . Lower carrier concentrations (10 20-22 cm -3 ) than for metals (10 23 
Theoretical considerations
The long-wavelength permittivity of a conductor can usually be described by the Drude free electron model [30] 
where τ is the relaxation time, and ε∞ is the real part of the permittivity well above the plasma frequency, which is defined in SI units with n, e and m as charge density, electron charge, and electron mass, respectively. If ωτ >> 1, ε is real, and the permittivity changes sign at ω = ω p /√ε∞. The real and imaginary parts of Eq. SPP field confinement and propagation length are metrics that determine if a plasmon host is useful for plasmonic applications. The 1/e SPP field penetration depth from the interface of conductor/dielectric into either the conductor (c) or dielectric (d) side is 1 2 , , 2 Re
where ε c and ε d are the complex permittivity of the conductor and the dielectric, respectively. The characteristic SPP intensity propagation length is
where the SPP wavevector is
The 1/e electric-field penetration depth for electromagnetic waves (skin depth) incident on a conductor is
This value is useful in determining whether deposited films are optically thick for purposes of ellipsometry and SPP grating couplers. We expect δ ≈ L c on the basis of physical intuition, even though their expressions appear quite different.
The function of a grating coupler is to add horizontal components of momentum to the incident light, which allows coupling to the horizontally propagating SPPs. SPP excitation on gratings is expected for the TM-polarized light (E-field normal to grating grooves) when the momentum conservation condition is satisfied [32], namely ( )
In Eq. (10), m is an integer of either sign and p is the grating period.
Experimental details
FTO thin films were deposited onto Si (100) substrates by the SPEED process described in [28, 29] . The ratio of fluorine to tin was kept at 20% in chemical solutions while the films were deposited at temperatures near 500 o C in air [28] . Film morphology was characterized by scanning electron microscopy (SEM). Resistivity, mobility, and carrier concentration were determined from Hall measurements (MMR technologies) at room temperature in a Van der Pauw four-point probe configuration using indium contacts and a magnetic induction of 0.65 T. Variable angle spectroscopic ellipsometer (IR-Vase by J. A. Woollam) from 1.5 to 12 μm was used to determine the complex permittivity spectrum. Lamellar Si gratings were fabricated by photolithography and deep-reactive ion etching (DRIE, fluorine chemistry), then conformally coated with FTO by SPEED. Finished gratings were characterized by SEM and by step profilometry. For cross section SEM, the samples were cleaved across the grating bars, potted in epoxy, and mechanically polished.
Reflectivity spectra of FTO gratings for normal incidence (θ = 0 in Eq. (10)) were collected using a Bruker Fourier transform spectrometer equipped with a Hyperion IR microscope. The objective was removed from the microscope to achieve a collimated beam on the sample at normal incidence. The spectral resolution was 4 cm -1 . Resources included a globar source, a KBr beam splitter, and a 77 K Mercury-Cadmium-Telluride (MCT) detector.
Angle-dependent specular reflectance of gratings was measured using a goniometer with motor-controlled rotational sample stage and detector arm (Huber). A LabView program controlled the sample's angle θ with respect to the incident laser beam, while reflection from the grating was recorded at 2θ angle by a detector on a concentric but independently controlled stage. A tunable quantum cascade laser (QCL, Daylight Solutions) with spectral resolution of 0.1 nm, tunable from 7.9 to 10.5 μm wavelength, and electronically-chopped at 1 kHz was incident on the grating in TM polarization. A mercury cadmium telluride (MCT) detector collected the reflected intensity, and a lock-in synchronously amplified the signal. A LabView program recorded the lock-in output as a function of incidence angle. Background was characterized with a gold mirror in place of the grating. Reflectance is the ratio of grating and reference spectra. Fig. 2 (a) presents complex permittivity spectra for a 250 nm-thick FTO film that had particularly high conductivity. These spectra provide much information about FTO optical and electrical properties, which is collected in Table 1 . Firstly, we note that the real part of the permittivity ε′ becomes negative beyond λ ≡ λ 0 = 2.11 μm, which is the region suitable for SPPs. Eqs. (2) and (3) were fit (dashed lines) to the complex permittivity spectrum to obtain the parameters ω p, ε∞, and τ. The quantity √ε∞ should equal the refractive index at frequencies well above those for which the dispersion due to free electrons is important. We (Table 1) , which is very similar to the value determined from the data reported in [22] . Applying Eq. (4) to the linear part of the ε″ spectrum beyond ~ 6 μm wavelength, where the slope is 6.7 μm -1 , determines a value for the resistivity which is in good agreement with values from our Hall and 4-point probe measurements, Table 1 . Our value for relaxation time can be used [27] to estimate the electron mobility μ = eτ/m = 6.5 cm 2 /V-s, which agrees well with our value μ = 7.2 cm 2 /V-s from Hall measurements for the considered sample [28] . According to Eq. (5), ω p can be found from resistivity and relaxation time. Using the optical and Hall values for ρ and τ give the same 1.85 × 10 15 rad/s value for ω p , which is within 4% of the value given in Table 1 from the full fit. All determined parameters collected in Table 1 are compared to values from [22] for a commercial FTO film prepared by a different method. A future report will describe the dependence of the optical properties on growth temperature and doping concentration. The present paper highlights the best results achieved thus far on the most metallic of the FTO samples yet grown [28] , as examples of the plasmonic potential for FTO. (6), (7), and (9) when the dielectric is air with permittivity of unity. The optical penetration depth is comparable to our 250 nm film thickness throughout most of the spectrum, and in the near-IR the penetration exceeds the thickness. As expected, δ ≈ L c .
Results
Criteria for comparing the useful spectral range for plasmonic applications of different materials were suggested in [6] . These were that the penetration depth L c of the SPP field into the dielectric (air) should be less than thrice the free space wavelength, and that the intensity propagation length should be at least twice the wavelength. From Fig. 2 (b) we see that these criteria are satisfied within the range 4 < λ < 5 μm wavelength. In otherwords, the FTO film studied here appears well suited for mid-wave IR applications. We remind that the doping of FTO can be tailored to access the long-wave (thermal) IR portion of the spectrum, in principle.
For comparison, on the basis of the same criteria [6] , different materials have different useful plasmonic spectral ranges. Using only available published L d and L x spectra based on measured permittivity values, we find the following useful spectral ranges, in order of increasing wavelength: Ag (< 2.3 μm) [35], silicides (1-7 μm) [7] , PtGe 2 (2-7 μm) [36], Pt 2 Ge 3 (2-15 μm) [36], Si with p = 10 20 cm -3 (6-10 μm) [8] , and Sb [11-20 μm] [4] . The semimetal Bi does not satisfy the confinement criterion L d < 3λ at any wavelength from near to far IR [5] . For Si with p = 6 x 10 19 cm -3 , there is no wavelength where both confinement and propagation criteria are satisfied simultaneously [8] . To apply the Ref. [6] criteria to doped epitaxial semiconductors [14] [15] [16] will require a calculation of yet-unpublished L d and L x spectra from the measured permittivities. According to the comparison above, only silicides, germanides, and FTO are suitable for plasmonic applications in the 3-5 μm wavelength range, and FTO fails to fully span it. On the other hand, SPEED-grown FTO has other advantages that may make it preferable, such as low-cost of deposition without vacuum and perfect conformal coating. (The granular medium above the grating is the mounting epoxy used in polishing.) Fig. 3 presents SEM images in top view and cross section for an FTO grating with 7.5 μm period and 1.46 μm groove depth. The depth was confirmed by step profilometry. The photomask had a 50% duty cycle, and the finished FTO-coated grating has a 70% duty cycle. The cross-section shows that the SPEED process results in an exceptionally conformal FTO coating with uniform thickness on horizontal and vertical surfaces. The nanocrystals are so densely packed without voids, that none of the nanostructure seen in the Fig. 1 top view is evident in cross section. Fig. 4 presents measured reflectivity spectra in TE and TM polarizations for two different grating periods. In TE polarization, no SPP should be excited. Since reflectivity calculated from the ε″ spectrum is featureless (Fig. 4 (a) ), there should be no absorption bands related to the FTO itself. Nevertheless, we observe a broad minimum in TE reflectance from the gratings. We tentatively attribute this band to a Wood's anomaly of Rayleigh type. In other words, the power in the measured specular beam, which is the zeroth diffracted order, decreases when a new diffracted order enters the space above the grating. This condition is given from the grating equation [35] for normal incidence by λ = p/m, where for the gratings with 7.5 and 10 μm, the m = 2 Rayleigh features should be at 3.8 and 5 μm wavelength, respectively. These values agree roughly with the observed positions of the TE bands and with their relative positions for the different grating periods. That they are absent from the reflectivity of smooth FTO films (e.g. R cal ) is consistent with our interpretation. Such features were outside the range (8-10.5 μm) of the reflectivity spectra reported in our earlier studies of bismuth [5] and germanide [36] gratings. In TM-polarization, new absorption bands appear at ~ 8 and 10.3 μm wavelength for 7.5 and 10 μm period gratings, respectively. Both wavelengths are slightly longer than the corresponding grating period, which is expected from Eq. (10) 
Summary
Surface plasmon polaritons on fluorine-doped tin oxide films grown by SPEED were investigated in the near-to long-wave-IR spectral range. The complex permittivity spectrum was measured and used to determine the values of plasma frequency and relaxation time of FTO films. These Drude parameters were used to determine the resistivity and mobility values, which were compared to experimental values from transport measurements. The permittivity spectrum was used to predict SPP properties such as intensity propagation length, field penetration depths, and reflectivity. Normal-incidence reflectivity spectra of FTO-coated gratings revealed SPP excitation features that agreed accurately with predictions. The FTO film studied here would be suitable for plasmonic applications in the important 3-5 μm spectral range.
